The reductive biodegradation of a variety of haloaromatic substrates was monitored in samples from two sites within a shallow anoxic aquifer and was compared with freshwater sediment and sewage sludge. The metabolic capacity existing in methane-producing aquifer material was very similar to that in sediment in that three of four chlorobenzoates, five of seven chlorophenols, and one of two chlorophenoxyacetate herbicides were reductively dehalogenated in both types of incubations. The 2,4-dichlorophenoxyacetate was first converted to a dichlorophenol before dehalogenation occurred. Sewage sludge microorganisms dehalogenated four of seven chlorophenols tested and degraded both phenoxyacetate herbicides by first converting them to the corresponding chlorophenols, but the microorganisms did not transform the chlorobenzoates. In general, the same suite of initial metabolites were produced from a test substrate in all types of samples, as confirmed by cochromatography of the intermediates with authentic material. Aquifer microbiota from a sulfate-reducing site was unable to significantly degrade any of the haloaromatic substrates tested. Biological removal of the sulfate in samples from this site permitted dehalogenation of a model substrate, while stimulation of methanogenesis without removal of sulfate did not. These results demonstrate that dehalogenating microorganisms were present at this site but that their activity was at least partially inhibited by the high sulfate levels.
The biodegradation of xenobiotic compounds is often assayed by using microcosms (15, 16) , microbial communities (21) , or pure cultures of microorganisms. Results from such studies are extrapolated to a variety of habitats and provide a basis for environmental-risk assessment and regulatory decision making and often suggest ways of cleaning up contaminated areas. Since it is unreasonable to expect all habitats to harbor the same metabolic capacity, it is important to understand the conditions under which biodegradation information can be applied to other biological systems. Thus, a comparison of the biodegradation potential of a variety of habitats will help define the limits of extrapolation.
We questioned whether information on the anaerobic biodegradation of chloroaromatic substrates could be extrapolated from well-studied anoxic habitats, such as sediment and sewage sludge, to groundwater aquifers. It was previously shown that chlorinated benzoates and phenols anaerobically degrade through the reductive removal of aryl halides followed by mineralization of the aromatic moiety (3, 24) . The microflora of sewage sludges and freshwater sediments has been found capable of catalyzing anaerobic aryl dehalogenation reactions (1-4, 7, 12, 20, 23, 24, 26) . Generally, dehalogenation is reported for individual substrates (1, 12, 20, 23, 26, 27) or a single class of haloaromatic compounds (2-4, 7, 24, 25) .
Since little is known about the metabolic potential existing in the terrestrial subsurface and previous work has demonstrated haloaromatic contamination of groundwaters (8, 29) , this study was designed to compare the degradation of several chlorinated phenols, benzoates, and phenoxyacetic acid herbicides in samples from a variety of anoxic habitats including a shallow aquifer. The microflora of pond sediment and of a methanogenic-aquifer site was able to dehalogenate a variety of chloroaromatic substrates. The herbicide 2,4-dichlorophenoxyacetate (2,4-D) was degraded by conversion to 2,4-dichlorophenol in samples from both sites before * Corresponding author. dehalogenation occurred. The metabolic potential of sewage sludge was similar when tested with chlorophenols and 2,4-D. However, chlorobenzoates persisted in sludge samples, and a different pathway for 2,4,5-trichlorophenoxyacetate (2,4,5-T) was noted. In sludge, 2,4,5-T was first converted to 2,4,5-trichlorophenol, whereas dehalogenation to a dichlorophenoxyacetate was the initial degradative event in pond sediment and methanogenic-aquifer material.
Samples from a sulfate-reducing portion of the same groundwater aquifer were unable to significantly dehalogenate any of the test substrates. Using 2,4,5-T as a model substrate, we determined that the inability of samples from the sulfatereducing aquifer site to dehalogenate the 2,4,5-T was at least partially due to the high levels of sulfate rather than a lack of metabolic potential.
These findings demonstrate the potential for the anaerobic metabolism of haloaromatic substrates in shallow aquifers and illustrate the need to understand the predominant ecological conditions before biodegradation information can be successfully extrapolated to dissimilar habitats.
MATERIALS AND METHODS
Sample collection and incubation. Sediment and primary anaerobic-digester sludge were collected from the University of Oklahoma duck pond and the Norman, Okla., sewage treatment plant, respectively, by methods previously described (7, 19 (25) .
Prior analysis showed that the groundwater flows at about 0.6 m/year and eventually discharges into the South Canadian River (17) . Sterile mason jars were hand filled to capacity with aquifer solids and groundwater, tightly capped, and transported to a laboratory anaerobic glovebox within 6 h.
All environmental samples were placed in sterile serum bottles (160-ml capacity) to reach a final volume of 100 ml. Strict anaerobic techniques were used throughout the sample processing. Sediment was slurried with autoclaved and filtered pond water and distributed to the bottles inside an anaerobic glovebox. The slurried sediment had a dry weight of 290 mg/ml. A modified Hungate technique was used to dispense undiluted sewage sludge (1.8% solids) as previously described (19) . Serum bottles were filled with 100 g (wet weight) of aquifer solids (77 to 83 g [dry weight]) inside of an anaerobic glovebox. The bottles were then capped and removed from the chamber, and 50-ml subsamples of filtersterilized groundwater were added while flushing the headspace with an oxygen-free atmosphere of 90% Nr-10% CO2 (19) . Filter sterilization of the groundwater resulted in its partial aeration, so it was amended with a reductant (1 mM Na2S) before it was combined with aquifer solids. Similar results were obtained when unfiltered groundwater without added reductant was used.
All serum bottles were amended with sterile resazurin (0.0002%) as a redox indicator and were sealed with 1-cmthick butyl rubber septa (Bellco Glass Inc., Vineland, N.J.) which were held in place with aluminum crimp seals. The pH values were 6.9 to 7.2, 7.0, and 7.7 for aquifer slurries, sediments, and sludge samples, respectively. Sewage sludge bottles were incubated at 37°C; all other samples were incubated at room temperature in the dark. Experiments were performed in duplicate, and autoclaved samples (121°C, 15 lb/in2, 90 min) served as controls. The substrates listed in Table 1 were injected into the bottles to reach final concentrations of 300 to 500 ,uM. To test the influence of added electron donors and acceptors in experiments using a model substrate (2,4,5-T), the serum bottles were amended with 29 mM sodium acetate, sodium sulfate, or both compounds. Stimulation of methanogenesis in the presence of sulfate was achieved by the addition of 5 mM methanol.
Substrate and metabolite analysis. To be sure that the same metabolic processes were being compared, the degradation of added substrates and the appearance of metabolic intermediates were monitored by high pressure liquid chromatography (HPLC). Liquid samples from the anaerobic incubations were taken monthly by syringe and stored at -10°C until analysis. The thawed samples were then centrifuged at 20,000 x g for 25 min to remove particulates before HPLC analysis. The separations were performed with either a Beckman model 420 HPLC system equipped with two model 11OA pumps or a system with dual lOB pumps and a model 340 organizer. The HPLC systems used C18 reverse-phase columns (25 cm by 4.6 mm [inside diameter]; Econosphere, 5 ,um particle size; Alltech Associates, Inc., Deerfield, Ill.). A flow rate of 1.5 ml/min was used with the various isocratic mobile phases listed in Table 1 (10) with the addition of a final benzene wash to remove the unreacted 2,5-dichlorophenol. All other chemicals were used without further purification.
RESULTS
Comparison of habitats. Incubation of a variety of compounds in samples from four anoxic habitats resulted in the depletion of added substrates and the appearance of intermediates. The microfloras of the different habitats all metabolized benzoate and phenol, but differences were noted in their ability to degrade phenoxyacetate and chlorinated substrates ( Table 2) .
The metabolic potentials existing in the methanogenicaquifer site and pond sediment were similar for most of the substrates examined ( Table 2 ). Biodegradation of four of the five benzoates tested occurred in both habitats, but 4-chlorobenzoate persisted for at least 5 months. The three phenoxyacetate substrates and six of eight phenolic compounds (Table 2) samples, only the pond sediment flora was able to transform 3,4-dichlorophenol and 2,4,5-trichlorophenol. Results similar to those observed for methanogenicaquifer and pond sediment samples were obtained with sewage sludge incubations when assayed with the phenoxyacetates and phenols. Degradation was noted for all of these substrates except 4-chlorophenol (Table 2) . No evidence for the degradation of chlorobenzoates could be detected after 4 months of incubation in sewage sludge (data after 3 months shown in Table 2 ).
The microorganisms sampled from the sulfate-reducing site of the same groundwater aquifer were able to degrade only benzoate and phenol. In these experiments phenoxyacetate and most of the chlorinated substrates persisted throughout the incubation period ( (Table 2) . Similarly, 3-chlorobenzoate was observed as an intermediate during 3,5-dichlorobenzoate metabolism with these inocula. During the decomposition of 3,4-dichlorobenzoate, both 3-and 4-chlorobenzoate were detected. In pond sediment samples amended with 3,4-dichlorobenzoate, 3-chlorobenzoate accumulated to about 90% of that theoretically possible (Fig. 1) . However, in methanogenic-aquifer incubations, the predominant initial metabolite differed between replicates. In these samples, 3-or 4-chlorobenzoate accumulated to near stoichiometric amounts. The 3-chlorobenzoate intermediate was subsequently metabolized, but 4-chlorobenzoate persisted (Fig. 1) . Nevertheless, the primary degradative event was reductive dehalogenation. No evidence for chlorobenzoate metabolism was observed in the sewage sludge or the sulfate-reducing aquifer incubations (Table 2) .
A variety of chlorophenols were also degraded by reductive dehalogenation in samples from pond sediment, sewage sludge, and the methanogenic-aquifer site ( Table 2 ). The initial detectable concentrations of many chlorophenols were much lower than the amounts added, particularly in pond sediment and sewage sludge samples. This apparently was caused by adsorption, which complicated substrate disappearance analysis. Clear evidence for dehalogenation in sludge samples was only obtained when 2,4-or 2,5-dichlorophenol was used as the substrate. Monochlorophenols were detected as intermediates during the metabolism of these two substrates (Table 2 ). Even though phenol was not observed as an intermediate when the monochlorophenols were used as parent substrates in sludge samples, it is likely that their degradation proceeds via dehalogenation as noted by Boyd and Shelton (3) and Boyd et al. (4) . Most of the chlorophenols could be degraded in both pond sediment and methanogenic-aquifer slurries, and dehalogenated intermediates were typically detected (Table 2) . However, the sediment microflora was able to transform 2,4,5-trichlorophenol and 3,4-dichlorophenol by reductive dehalogenation, although these substrates persisted in aquifer incubations (Table 2) . When 3,4-dichlorophenol and 2,4,5-trichlorophenol were incubated in sludge, possible products were detected which did not cochromatograph with other chlorophenolic compounds. These products were not produced in sterile or unamended controls. It is not known whether a different degradation pathway exists for these substrates in sludge or whether the initial phases of dehalogenation were simply missed in our sampling scheme.
Although the chlorobenzoates and chlorophenols were degraded via initial dehalogenation reactions, a different degradation pathway was observed with the chlorinated phenoxyacetic acid herbicides. When 2,4-D was incubated in sludge, sediment, or methanogenic-aquifer material, the first detectable intermediate was 2,4-dichlorophenol. Several other mono-and dichlorophenoxyacetic acids also underwent conversion to the corresponding chlorophenols when incubated in sludge samples (unpublished observations). The pathway for 2,4,5-T decomposition, however, differed in the various habitats. Similar to the other chlorophenoxyacetates, sludge incubations cleaved 2,4,5-T to form 2,4,5-trichlorophenol as the initial intermediate (Fig. 2) . When 2,4,5-T was incubated in sediment (Table 2) or methanogenic-aquifer material (Fig. 2) , the substrate was dehalogenated at either the para or meta position to form 2,5-or 2,4-dichlorophenoxyacetic acid, respectively. The latter compounds were then converted to the corresponding dichlorophenols and subsequently dehalogenated further to monochlorophenols and to phenol with longer incubation.
Comparison of dehalogenation activity between aquifer sites. The methanogenic-and sulfate-reducing sites are in close physical proximity and apparently within the same aquifer, yet the indigenous microorganisms showed clear differences in their abilities to transform halogenated aromatic compounds. Whether these differences resulted from biological or chemical differences between the two sites was not clear.
To investigate this point, serum bottles containing different combinations of aquifer solids and filter-sterilized groundwater from each site were prepared (Table 3) . These bottles were then amended with 2,4,5-T as a model substrate. 2,4,5-T was dehalogenated within 2 months when incubated with solids and groundwater from the methanogenic site but only slightly dehalogenated when the solids and water were from the sulfate-reducing site. However, when inoculum from the methanogenic site was combined . In sewage sludge, no dichlorophenoxyacetates were detected although 2,4,5-T was degraded (C). Trichlorophenol (2,4,5-TCP) and an unidentified peak, U, were detected (D). Mobile phase conditions were specific for the detection of chlorophenoxyacetates or chlorophenols and are detailed in Table 1. with filter-sterilized groundwater from the sulfate-reducing site, 2,4,5-T metabolism did occur but to a lesser extent ( Table 3 ). The opposite combination of inoculum from the sulfate-reducing site and sterile groundwater from the methanogenic site showed only a 6% transformation of 2,4,5-T. This finding indicated that a soluble inhibitor of dehalogenation could possibly be in the groundwater from the sulfatereducing site but did not eliminate the possibility of lack of metabolic potential at the sulfate-reducing site.
Since sulfate, as well as other oxidized sulfur species, inhibits reductive aryl dehalogenation by a partially characterized pure-culture dehalogenator enriched from sewage (T. G. Linkfield, Ph.D. thesis, Michigan State University, East Lansing, 1985) and one of the obvious differences noted between the two aquifer sites was at least a 10-fold-higher level of sulfate at the sulfate-reducing site most of the year (Beeman and Suflita, in press), it seemed possible that sulfate might inhibit dehalogenation. The addition of 29 mM sodium sulfate as an alternate electron acceptor was found to prevent dehalogenation of 2,4,5-T in any of the four combinations of aquifer solids and groundwater after a 2-month incubation period (Table 4 ). This finding is relative to the (as in Table  3 ), but these results are not shown in Table 4 . To further implicate sulfate as an inhibitor of dehalogenation, we added excess acetate to sulfate-reducing incubations as a competitive electron donor to stimulate dissimilatory sulfate reduction, deplete the endogenous levels of sulfate, and shift the flow of carbon toward methanogenesis (9, 11, 13, 18, 30) . Under these conditions, 2,4,5-T was metabolized in formerly sulfate-reducing incubations, and the expected dehalogenated products were produced ( Table  4 ). The addition of equimolar amounts of sulfate and acetate to aquifer incubations resulted in no dehalogenation of 2,4,5-T after 2 months. The addition of a noncompetitive electron donor-like methanol (9) (19) , in which only two of nine sludges tested were able to dehalogenate and subsequently mineralize 3-chlorobenzoate acid, and the results of Mikesell and Boyd (12) , who found trichlorophenol as the initial metabolic product arising when 2,4,5-T was incubated in sewage sludge. Interestingly, a bacterial consortium which dehalogenated 2,4,5-T was previously enriched from a sludge that could mineralize 3-chlorobenzoate (24, 26) . It is not known whether these two processes are related. Attempts to enrich other dehalogenating consortia are underway. However, our results suggest that sludge cannot be used as a standard inoculum for biodegradation studies as had been previously suggested (28) .
An interesting finding is that transformation of chloroaromatic substrates in an anoxic aquifer did not occur in samples taken from a sulfate-reducing site. Using 2,4,5-T as a model substrate, we were able to show that this result was not due to the absence of suitable microorganisms, but rather (at least in part) to the high levels of endogenous sulfate. The inhibitory nature of sulfate is supported by the following observations. When endogenous sulfate was removed from the incubations by stimulating sulfate reduction through acetate amendment, dehalogenation of 2,4,5-T was able to occur ( Table 4 ). The addition of methanol did not stimulate 2,4,5-T degradation in samples from the sulfatereducing site, presumably because sulfate reducers do not efficiently use this substance to support their metabolism (9) and because enough residual sulfate was available to inhibit dehalogenation (Table 4) . When exogenous sulfate was added to methanogenic incubations, significant 2,4,5-T biodegradation was prevented. The addition of equimolar concentrations of acetate and sulfate also prevented 2,4,5-T metabolism. Since the stoichiometry of sulfate reduction with acetate as an electron donor is 1:1 (14) and not all acetate will be used for sulfate reduction, residual levels of sulfate presumably served to inhibit dehalogenation in these incubations. Samples from incubations in which sulfate reduction was stimulated with acetate blackened with time because of the formation of insoluble ferrous sulfides. Dehalogenation occured during these experiments, suggesting that the process is not significantly inhibited by the sulfide produced during sulfate reduction.
It should be noted that we have only observed aryl dehalogenation reactions occurring under methanogenic conditions. However, dehalogenation and methanogenesis are not directly related. When methanol was added to aquifer incubations containing high levels of sulfate, dehalogenation of 2,4,5-T did not occur even though methanogenesis was stimulated. Similarly, as noted earlier, dehalogenation of chlorobenzoates did not occur in the methanogenic environment of sewage sludge. Therefore, the mere production of methane does not ensure that dehalogenation activity will also occur.
Our HPLC evidence indicates that the removal of aryl halides and their substitution by a hydrogen atom represent the primary route of reductive haloaromatic decomposition. A generalized pathway based on detected intermediates and the order of their appearance is proposed in Fig. 3 . These results are analogous to those previously described involving the metabolism of halogenated benzoates (7, 20, 24) , phenols (3, 4) , several pesticides (1, 2, 12, 26) anaerobic, sulfate-limited habitats including freshwater sediments, sewage sludge, and methanogenic-groundwater sites. Furthermore, these results suggest that biodegradation information previously established in surface habitats provides a strong data base from which the extrapolation of findings to the terrestrial subsurface is possible. However, more research regarding the microbiology, biochemistry, and ecological conditions influencing these types of transformations is essential to predict with accuracy when the biodegradation of these compounds will occur.
Various environmental factors have long been known to influence biodegradation. Our finding that sulfate can inhibit microbially catalyzed aryl dehalogenation reactions leads to questions regarding the fate of haloaromatic substrates in anoxic marine compartments. Since marine samples were not evaluated in this study, it remains to be determined whether our findings can be extrapolated to such sulfate-rich habitats.
